I. Introduction
H igh frequency ultrasound recently received expanded attention with new applications in small animal imaging for genomic studies [1] and intracardiac echocardiography (ICE) [2] as well as traditional applications in the eye, skin, and vascular system (IVUS) [1] . A variety of techniques are currently used to scan the ultrasound beam in these applications. Most of the high frequency ultrasound systems for use in skin, eye, and small animal imaging make use of linearly swept single channel transducers. For IVUS and some intracardiac applications, single element transducers are mechanically rotated within a catheter to produce radially scanned images [3] . In addition, there also have been attempts to produce single channel forward viewing IVUS scanners [4] , [5] . Phased arrays transducers were developed recently for intracardiac catheters scanning at lower frequencies (5-10 MHz) in either two [2] or three dimensions [6] . Although there have been some efforts to fabricate high-frequency arrays [7] , [8] , systems are not available currently to steer acoustic beams above 12 MHz in real time, which results in the need for using mechanical actuation techniques to steer high frequency beams.
There are numerous potential actuators available for these types of applications, but all have performance tradeoffs. For example electroceramic actuators produce large forces but limited displacements [9] , and electroactive Manuscript received May 10, 2001 ; accepted December 3, 2001 . This work was supported in part by HHS Grants HL-58754 and HL-64962.
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polymers offer large displacements and reasonable forces but slow response times [10] . We chose to investigate an electrostatic microelectromechanical system (MEMS) actuator for use in these devices due to its unique combination of large strains and fast response time, albeit limited force production. This actuator, the integrated force array (IFA), is a network of hundreds of thousands of micron scale deformable capacitors that contract due to electrostatic forces produced by an applied differential voltage. The IFA has been discussed in detail in previous publications [11] , [12] . Fig. 1 is a schematic of a single cell and a portion of the cell network of the IFA in both contracted and relaxed positions. These IFAs were 3 mm wide and 1 cm long with active areas that were 3 mm by 8 mm and contain more than 500,000 capacitive arrayed in three columns. The IFAs were shown to produce up to 20% strains and 13 dyne forces with applied voltages up to ±65 Volts [12] .
We have previously described the development of a handcrafted prototype single-channel scanner that used a micromachine (MEMS) actuator to steer a high frequency PZT piston transducer [13] . These prototype devices produced real-time images of wire phantoms with sector scan angles up to 10
• but were difficult to fabricate. This work describes the development of two new types of scanning devices: a forward viewing cantilever hinged table and a side scanning torsion hinge design. Both of these designs could be useful for different clinical applications. For example in intracardiac ultrasound, to monitor ablation procedures in the left atrium, a forward viewing probe could be inserted directly into the left atrium via an atrial septal puncture from the right atrium [14] . Alternatively, a side-scanning probe could be inserted into the right ventricle and used to image through the septum to continually monitor left ventricular function in critical cardiac patients. Fig. 2 shows schematics of the two designs. In Fig. 2(a) , the transducer rests on two flexible hinges (gold electrodes plated on polyimide) that act like cantilever beams with end loads, a design similar to the previous hand-built prototypes. In Fig. 2(b) , the transducer table rests on two thin and narrow bars of gold-plated polyimide that twist when a force is applied to the edge of the table. These torsionhinged devices are analogous to those used by Texas Instruments (Dallas, TX) in their digital micromirror device (DMD) used for video displays [15] .
Our design objective was to develop transducer assemblies that could be used externally as well as in catheter applications. For the forward-viewing and side-scanning scanners, two different sizes of probes were developed for each type of application. It also was necessary to develop structures that were planar during processing and then folded into their desired shapes after being lifted off the silicon wafer. In this paper we describe the design, fabrication, and testing of these two new types of high frequency mechanical scanners that are fabricated using photolithography and use MEMS actuators to steer the ultrasound beam.
II. Methods
To begin development of the new devices, onedimensional beam analysis and finite element analysis (ANSYS, Inc., Canonsburg, PA) were used as guiding tools to determine appropriate ranges of device dimensions. The approximate stiffness of the hinges on which the transducers pivot was determined under static loading conditions in order to approximate the displacement of the structures undergoing damped motion in the imaging fluid at low frequencies away from mechanical resonance. The force applied by the IFA to the structure was assumed to be 2 dynes [11] . After preliminary dimensions were determined, both cantilever and torsion devices were fabricated with several different hinge sizes using patterned polyimide on a silicon wafer. After fabrication, the devices were examined and the most flexible devices were chosen for further analysis. The modeling techniques then were used to compare with experimental results of the selected devices. Finally, complete transducer assemblies were constructed using the new structures and tested in a single channel ultrasound scanner.
A. Modeling
Cantilever Hinges:
The cantilever hinged table device was modeled as a mass suspended on the ends of two cantilever beams. This model then was simplified to a mass suspended between two springs. To further ease the modeling process, we approximated each gold plated polyimide cantilever hinge by a beam made entirely of polyimide. Due to the fact that conventional dual material beam theory results in significant errors when applied to thin polyimide and gold films, ANSYS was used to determine flexural stiffness of the dual material gold and polyimide beam. These results then were used to determine the thickness of an equivalent polyimide beam. The hinges then were evalu- ated in a manner similar to that derived in [13] . Once an approximate thickness, d, 4.86 µm, was determined, the flexural stiffness, EI, of a single material beam was determined by (1); and (2) was used to determine the spring constant, k, of the beam:
In (1) and (2), t is the width of the beam, 0.375 or 0.75 mm, E pi is the elastic modulus of polyimide, 2.6 GPa, and l is the active bending length of the hinges. This spring constant, k, was used in a model that consisted of a mass suspended between two springs. The static displacement, x, of the table for the force provided by the IFA, F , was predicted using (3):
The resonant frequencies for the structures in air can be predicted using (4):
In (4), f is the resonance frequency, k is from (2), and m is the mass of the table and transducer, 0.8 or 2.5 mg.
Torsion Hinges:
For the torsion devices, the hinges were modeled as rectangular bars of constant thickness fixed at one end and subjected to a twisting torque on the other. As was the case for the flexural hinges, to reduce the complexity of the analysis, ANYS models of dual material torsion beams were used to determine a polyimide beam equivalent to the actual gold-coated material. After this assumption was made, we determined the angular displacement, Θ, of the table when subjected to the moment, T , produced by the force acting on the edge of the table using the equations below [16] :
In (5), λ is an aspect ratio parameter given by (6) , in which l is the length of the hinges, 250 µm, c is the hinge width, 90 or 180 µm, µ is Poisson's ratio for polyimide, 0.34, and D is the local flexural stiffness described by (7), where E is the elastic modulus of polyimide, and h is the equivalent single material hinge thickness, 4.86 µm.
After determining the angular displacement and torsional stiffness of the hinges, the model was further reduced to a mass suspended between two torsion springs to estimate mechanical resonance frequencies in air. For this model, the angular displacement determined from (5) was used to determine a torsion constant that related the applied moment to an angular displacement. This constant was used in a model of a mass of a known moment of inertia hanging from a torsional spring in order to determine the resonance frequency of the structure in air from (8) :
In (8), k is the torsion constant and I the moment of inertia of the table.
Finite Element Modeling:
In addition to the onedimensional beam mechanics, the devices were modeled using finite element analysis (FEA) software. The hinged table was modeled as a two-dimensional structure, and the torsion hinge structure was modeled in three dimensions.
As in the beam mechanics analysis, FEA models were used to predict the displacements of the structures under applied forces with static loading conditions. This analysis was also able to take into account nonlinearities resulting from large displacements. In addition, a "modal" analysis was performed for each structure to determine the resonance frequencies of each of the structures in air. Fig. 3 shows the meshed structures in ANSYS used to solve for displacements and resonant frequencies. The mesh densities for these models were determined by ANSYS using the SmartMesh feature that determines the optimum mesh density for each section of the model. Fig. 4 shows schematics of the designed forward viewing and side scanning structures including the hinge di- mensions of the devices that were selected for use. The cantilever-hinged devices were fabricated with hinges that were 0.375 mm wide for the small devices and 0.75 mm wide for the large devices, with devices of both sizes made with hinges that were 1.13 mm, 1.43 mm, and 1.8 mm long. For both large and small devices, the longest hinges, 1.8 mm, produced the most flexible devices and were selected for testing.
B. Device Fabrication and Assembly
The torsion-hinged devices of both sizes were fabricated with hinges 250 µm long. The hinge width was varied for each size of torsion device with the large devices having hinges 180 µm, 270 µm, and 360 µm wide; the small devices had hinges 90 µm, 135 µm, and 180 µm wide. The smallest hinge widths of each device, 180 µm for the large scanner and 90 µm for the small scanner, were the most flexible and were chosen for evaluation.
The transducer assemblies were fabricated at the Biomedical Microsensors Laboratory (North Carolina State University, Raleigh, NC) on silicon using a threelayer process. Fig. 5 is a cross-sectional schematic of the layers of material on the silicon wafer. To form the thin hinge layer, a 3-µm layer of polyimide (PI-2723, HD Microsystems, Wilmington, DE) was spun onto the wafer as a liquid, then heated for polymerization. This layer then was patterned and metallized with 200 angstroms of chromium for adhesion and 4000 angstroms of gold to form the electrode trace layer. The thicker supports and tables were made of a 30-µm thick patterned polyimide layer (Durimide, Arch Chemicals, Norwalk, CT) and etched to shape the support area and etch vias for electrical connections between the top layer and the electrodes. The vias were etched in a rectangular shape, 200 µm by 300 µm. A sacrificial silicon oxide layer was deposited on the wafer prior to processing to release the polyimide structures from the wafer using hydrofluoric acid (HF). Fig. 6 shows photographs of the four types of planar devices after liftoff from the wafer.
The new fabrication techniques discussed in this paper enabled the construction of smaller transducer support devices that were only 1.125 mm wide. In order to take advantage of these smaller sizes to produce completed probes with small diameters, we also have developed IFAs that are 1-cm long but only 1-mm wide. In contrast to the larger 3-mm wide IFAs previously discussed, these devices consist of only one column of approximately 165,000 capacitor cells. Due to the bricked structure of the capacitive cells, these devices contract with one-third the force of the wider IFAs but produce equivalent strains.
Both the 1-mm wide and 3-mm wide IFAs were fabricated at MCNC (Research Triangle Park, NC) using a dual-layer embedded hard-mask process described in [11] . Polyimide was spun on the silicon wafer in a two-mask process, then patterned using reactive ion etching (RIE). An oxide etch stop was patterned between the two polyimide layers to define the half-height supporting structures that prevent the capacitive cells from collapsing and conduct mechanical force from cell to cell. Chromium and gold then were sputtered onto the devices at an angle to metallize the opposing capacitor plates for conduction. A sacrificial oxide layer was deposited under the devices and under the top layer of metallization to allow for the removal of the excess metal from the top of the devices and to separate the devices from the silicon wafer after fabrication.
After the HF liftoff, piezoelectric transducers were bonded to the tables using silver conductive epoxy (Chomerics, Woburn, MA). 20 MHz PZT5A pistons 1.75 mm on a side and 30 MHz PZT5A pistons .875 mm on a side were fabricated. The electrical connections were made to the transducers through the electrical connection vias using the silver epoxy. After the transducers were attached, the structures were folded (only necessary for the forward viewing structures) then attached to a support rod for handling.
C. Device Testing
After the devices were removed from the silicon wafers and folded into their final shape, they were tested for static displacements in order to compare with the simulations. For this static testing, a 2-mg mass was suspended vertically from the ends of the tables to approximate the 2-dyne force applied by the IFA actuator. The angular displacements of the tables resulting from the applied mass then were measured. The IFA actuators were attached to one side of the cantilever-hinged table or to the IFA attachment flap on the torsion table. Photographs of the four types of completed devices with the IFAs attached are shown in Fig. 7 . The actuators were driven by a swept frequency function generator at ±40 V to determine the maximum displacement at the resonant frequencies in air and to determine the frequency of that resonance. These results were then compared with one-dimensional and AN-SYS models of the devices.
Pulse-echo signals and spectra of the 20 MHz and 30 MHz transducers were measured to determine 50 Ω insertion losses and −6 dB fractional bandwidths. The 20 MHz and 30 MHz devices were used to image wire phantoms in a tank of fluid. The devices were interfaced with the single channel high frequency ultrasound system designed on a personal computer (PC) platform previously described in [13] . The geometry of the imaging setup, in addition to the spacing of the wires, allowed us to measure the sector angle. Table I and II contain results for both the onedimensional and ANSYS models as well as the measured results from the fabricated devices. Table I compares the calculated static displacements of the models with experimental measurements of both static displacements in air and dynamic displacements in fluid. Table II compares the simulated and measured resonant frequencies in air of the four structures. The results in both Tables I and II show differences between modeled and measured displacements; the results served as useful design guidelines that provided starting dimensions of devices. The models also allowed for the investigation of how changes in device design would qualitatively affect device displacements.
III. Results
Several factors make the accurate prediction of these device displacements difficult, including nonlinear stiffening of the torsion hinges and film curling in the cantilever hinges. Nonlinear effects occur when devices undergo very large deformation. These large deformations lead to nonlinear stiffening effects that are not taken into account by the one-dimensional linear analysis. ANSYS does have a nonlinear stiffening function and was much better at predicting the displacement of the large torsion structures than the one-dimensional analysis. The curling in the thin films is caused by internal stresses in the polyimide films resulting from the polymer curing process. The large cantilever hinged devices were not modeled well by either AN-SYS or one-dimensional models, and this hinge curling is believed to be the predominant difficulty as they visually demonstrated a higher degree of curling than the other devices. A final potential source of error is the fact that the IFA and adhesive used for attachment have a finite mass that is neglected in both modeling techniques used; this mass could be up to 20% of the mass of the transducer and table. The transducer assemblies were tested in a singlechannel, high-frequency ultrasound scanner to image a phantom consisting of wires separated by 2 mm axially and 0.5 mm laterally. Fig. 9 shows an image obtained with the 20 MHz forward viewing scanner and a 3-mm wide IFA actuator. Using the number of visible wires, the deflection of the transducer in this scan was determined to be 6
• . Fig. 10 is a scan made with a 30 MHz forward viewing transducer driven by a 1-mm wide IFA. The sector angle of this scan is estimated to be 8
• . Fig. 11 is a scan made with a 30 MHz side-scanning transducer steered by a 3-mm wide IFA. The scan angle is estimated to be 8
• . These scans were made at frequencies of 13-26 Hz. LabVIEW software was used to display the detected RF lines from each transducer. The ultrasound images are made with a 12 bit digitizing system that has additional digitizing limits set by the display software. The ultrasound images have a digital display dynamic range of 55-65 dB. The torsion hinges in the large side-scanning device were too stiff to exhibit enough motion to make an image.
IV. Discussion
We have described the design, fabrication, and testing of two new types of transducer assemblies fabricated using photolithographic technology. These devices were fabricated in both forward-viewing and side-scanning configurations. Two different sizes and frequencies of both types of scanners were investigated. Ultrasound images of wire phantoms were made with several of these probes. The two sizes of forward viewing devices and the small side-scanning device all showed angular motions of 45-60
• when driven at their resonant frequencies in air. However, when the structures were immersed in fluid for imaging purposes, the resonance behavior was no longer evident, and the displacements decreased dramatically to around 6-8
• as shown in Table I . We believe that the major limiting factor for using these devices in ultrasound applications is damping in the acoustic coupling fluid. To estimate the forces necessary to move the device through the fluid, (9) was used in order to determine the drag force on the structure [18] :
This equation models the tables as surface areas moving through a fluid at constant velocity. C D is the drag coefficient of the structure, which is dependent on the fluid and the structure (1.05 for the rectangular table with a width much larger than its thickness); A is the surface area; ρ is the fluid density; and v is the velocity of the structure. For this analysis, the drag coefficient is assumed to be constant. For the case of the large table (2 mm by 2.25 mm) moving through the fluid a distance of 1 mm at a rate of 60 Hz, the drag force on the structure is 1.225 dynes, which is a good portion of the available driving force (2-7 dynes). These drag forces suggest that the fluid presents a more serious problem than we anticipated. It would most likely be necessary either to redesign the structures completely to reduce drag forces, or use a different actuator that produces greater forces to achieve large sector scans at frequencies high enough to produce real-time images. Recently, we began the development of actuators that could produce larger forces and may be able to overcome the fluid damping issues. These include IFAs that are twice as thick as the current devices, thereby doubling the surface area of the capacitive cells and the forces produced by the actuator. In addition, we are investigating a new type of electrostatic actuator similar to the IFA but with a different fabrication method and increased forces and durability. This actuator consists of a two-layer strip of capacitive cells wound around a core to create a network of contracting cells called the spiral wound transducer (SWT) [19] . Although these devices have not been successfully fabricated and tested at this time, they may serve to increase the sector scans of these devices closer to the design goals.
In addition to using these structures as ultrasound scanners, we recently proposed the use of similar structures for use in optical beam steering [20] . For this application, there is no need for a coupling fluid so the performance in air of the devices is an accurate predictor of optical imaging success. A gold plated polyimide table acts as a mirror to reflect and steer an incident laser beam replacing the ultrasound transducer. These scanners could be used for many applications including optical coherence tomography (OCT), an imaging technique that is analogous to ultrasound in which reflected infrared energy is used to penetrate tissue and make images of the optical reflection and attenuation of the tissues [21] .
